Transmetalation of 1,4-diphenyl-substituted 1,2,3-triazolylidene silver complex with an electrophilic metal center, e.g., Ru II , Ir III , or Rh III , induces spontaneous and chemoselective cyclometalation involving C-H bond activation of the N-bound phenyl group exclusively. Less electrophilic metals such as Ir I , Rh I , and Pt II yield a monodentate triazolylidene complex, while cyclometalation with borderline cases (Pd II ) or the activation of the C-bound phenyl ring required acetate as a promoter.
Cyclometalation has become a useful concept for stabilizing reactive M-C bonds through chelation, 1 thus enabling exploitation of organometallic entities for materials science and catalysis. 2 Moreover, cyclometalation provides a versatile route for the directed activation of relatively inert C-H and C-R bonds, which has spurred the development of mild procedures for the functionalization of aromatic and aliphatic hydrocarbon units. 3 Typically, cyclometalation is a two-step process that involves initial binding of a directing group to the metal center and subsequent metal-mediated C-H bond activation and C-M bond formation to close the metallacycle. 1, 4 Classical directing groups include heteroatom donors, which bind the metal reversibly. Carbon donors have recently gained relevance, a development that has been promoted in particular by the discovery of N-heterocyclic carbenes (NHCs) as powerful ligands for transition metals. 5 For example, Arduengo-type carbenes that contain an aryl wingtip group as N-substituent form metallacycles through C-H bond activation when bound to a late transition metal such as ruthenium, palladium or platinum, 6 and this process has also been accounted for the deactivation of derivatives of Grubbs' 2 nd generation olefin metathesis catalysts. 7 Cyclometalation via wingtip C-H bond activation has been incidentally observed with other carbenes. For example, triazolylidene ligands-an easily accessible and emerging subclass of NHCs 8 -have been shown to undergo cyclometalation when bound to palladium(II) 9 or iridium(III). 10 In preliminary investigations, we and others noted that the acetate-induced cyclopalladation of triazolylidenes involved the N-bound phenyl group specifically. 9 Stimulated by these initial observations, we have investigated the cyclometalation reaction in more detail. Here we report on the extension of the cyclometalation to various other platinum group metals, and on the basic trends that govern the C-H bond activation process in phenyl wingtip groups. 11 Previous work established that transmetalation of the presumably monomeric carbene silver complex 1 with rhodium(I) or palladium(II) affords complexes 2 and 3, respectively, 9a comprising a monodentate triazolylidene (trz) complex (Scheme 1). Expansion of this methodology to different metal centers yielded complexes 4-7. Platinum complex 4 is a cationic version of complex 2 and features a monodentate triazolylidene ligand and a cod spectator ligand. Exchange of the non-coordinating anion during the synthesis of 4 from chloride to PF 6 enhanced the solubility of the complex and thus facilitated analysis and reactivity studies. In contrast to the clean triazolylidene transfer observed with platinum(II), transmetalation with [RuCl 2 (cym)] 2 as ruthenium(II) precursor induced spontaneous C-H bond activation of one of the phenyl substituents and afforded the cyclometalated complex 5 with a C trz ,C Phe -bidentate bonding mode of the triazolylidene ligand. 12 An identical reaction outcome was observed when using [IrCl 2 (Cp*)] 2 or [RhCl 2 (Cp*)] 2 as metal precursor for the generation of the metallacyclic complexes 6 and 7. Cyclometalation occurred chemoselectively and involved the N-substituted phenyl group exclusively. Highly selective C Ph -H bond activation was indicated by the clean NMR spectrum that revealed only a single isomer. Specifically, the presence of four distinct signals for the aromatic protons in the low-field region of the 1 H NMR spectrum demonstrates desymmetrization of the N-bound phenyl group. In addition, two low-field 13 C NMR resonances were observed, e.g. at δ C = 173.0 (C trz ) and 166.3 (C Ph ) for the ruthenium metallacycle 5. A nuclear Overhauser effect (NOE) between the methyl group bound to N3 (δ H = 4.10 ppm) and the doublet at δ H = 7.91 due to the ortho protons of the C-bound phenyl ring unambiguously indicated that this phenyl ring is unaffected and that cyclometalation occurred at the N-bound phenyl group exclusively.
Scheme 1
The monodentate bonding mode in the triazolylidene platinum complex 4 was readily identified in the 1 H NMR spectrum by the two sets of multiplets for the phenyl ortho protons at equal integral ratio, and a multiplet for the meta and para protons. Based on NOE experiments, the high-field doublet at δ H = 8.17 was assigned to the C-bound phenyl ring and the more shielded set at 7.95 ppm was accordingly attributed to the phenyl group bound to the heterocyclic nitrogen. The olefinic protons of the cod ligand are split into a lowfield multiplet (2H) and two multiplets at higher field (1H each). The highfield signals display well resolved coupling to 195 Pt with a coupling constant (J PtH = 62 Hz) similar to that in [PtCl 2 (cod)] (J PtH = 66.4 Hz), thus suggesting a trans positioned chloride ligand. In contrast, the Pt-H coupling is only poorly resolved in the lowfield resonance, and from the broadening of the socket of the signal, a coupling constant smaller than 40 Hz may be inferred. This small coupling constant is in agreement with the high trans influence attributed to these mesoionic triazolylidene ligands. As expected for a planar chiral system, , a desymmetrization of the phenyl nuclei was observed in the 13 C NMR spectrum (cf multiplets for the ortho phenyl protons in 1 H NMR spectroscopy). The platinum-bound carbon resonates at 144.2 ppm ( 1 J PtC not resolved).
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The connectivity patterns deduced from NMR spectroscopic analyses were unambiguously confirmed by single crystal X-ray diffraction analysis of complex 2 as well as the new complexes 4-6. Thus, the molecular structure of complexes 2 and 4 features a squareplanar metal center bound to the cod ligand, a chloride, and the monodentate triazolylidene ligand ( Fig. 1a, b ). In both complexes, the olefinic carbons trans to chloride are about 0.07 Å closer to the metal center than when bound trans to the triazolylidene ligand. A similar trans influence was observed with Arduengo-type NHCs. 13 In complexes 5 and 6, the triazolylidene ligand is bidentate chelating via the N-bound phenyl group (Fig. 1c,d) . The bite-angle is 78° in both complexes, and the M-C Ph bond is about 0.05 Å longer than the M-C trz bond. 14 The M-C trz bond length is not significantly affected by the bidentate bonding mode and falls within the 1.99-2.04 Å range for all four complexes. Nonetheless, chelation has distinct structural implications. A pronounced yaw distortion 15 was noted for the chelating systems (13.56° and 13.14° for 5 and 6, respectively), while the corresponding distortion is much smaller in the monodentate complexes (< 3.2° in complexes 2 and 4). In addition, the triazolylidene plane coincides with the planar metallacycle, as indicated by the negligibly small dihedral angles. In contrast, the triazolylidene ligand is strongly twisted out of the coordination square plane of rhodium and platinum in complexes 2 and 4 (dihedral angles between 67° and 81°). (5) M-C trz 2.0390 (16) 1.991 (10) 2.031 (11) 2.0372 (15) 2.013 (2) M-C COD 2.1051 (16) 2.155 (7) 2.155 (7) - (4) 87.81 (7) C (4) 88.26 (7) N1-C trz -M 132.26 (12) 127.2 (11) 130.8 (10) 115.57 (11) 115.71 (18) C trz -C trz -M 125.87 (12) 127.7(10) 124.8 (11) 142.69 (11) 141.98 (19) Cl-M-C trz -N1 -75.16 (14) -67 (2) 110 (3) 1.64 (11) -2.42 (18) Cl-M-C trz -C trz 99.54 (13) 102 (3) -73 (3) 178.91 (19) 175.2 (3) Attempts to promote cyclometalation included the reaction of the monodentate complexes 2-4 with OAcas a privileged proton scavenger. 16 However, the rhodium complex 2 and the platinum analogue 4 were inert under a variety of different reaction conditions (coordinating or non-coordinating solvent, RT or elevated temperature), even when using AgOAc as a combined potential proton and halide scavenger. Reactions were also carried out in CD 3 OD to monitor transient cyclometalation, though no deuterium incorporation into either of the phenyl substituents was identified. In contrast, the palladium triazolylidene complex 3 cleanly underwent cyclopalladation in the presence of NaOAc at room temperature to produce complex 8 (Eq. 1), 9a i.e. the palladium analogue of complexes 5-7. (1) 7
The metallacycles in complexes 5-7 were remarkably robust. No ring opening was observed when any of these complexes was treated with HCl in methanol (RT, 24 h).
Likewise, no deuterium incorporation was detected upon reaction of complexes 5-7 in DCl/iPrOD-D 8 at reflux for a short period of time (10 min (2)
The observed reactivity patterns provide some insights into key factors that govern cyclometalation in these triazolylidene metal complexes. Cyclometalation is substantially easier with electron-rich phenyl rings, i.e. aniline-type arenes that are bound to the nitrogen of the heterocyclic carbene. In addition, electron-poor metal centers (high-valent Rh III , Ir III , Ru II ) spontaneously induce C-H activation, while electron-rich centers (Rh I , Pt II ) are resistant to cyclometalation. In addition, acetate assists cyclometalation in borderline cases (Pd II , Ir III if the C-bound phenyl group is involved). These trends are all consistent with an electrophilic bond activation mechanism, as extensively studied both experimentally and theoretically. 17 Support for this general pattern was obtained by the successful cyclometalation of rhodium when starting from complex 2. Rather than directly forcing a C-H activation, this complex was stirred in the presence of dichloro(phenyl)iodine(III), which induced rhodium oxidation and spontaneous cyclometalation to give complex 11. Despite the limited stability of this complex and the formation of detectable amounts of triazolium salt as side product, unambiguous evidence for the formation of 11 was obtained from NMR spectroscopic analysis The 1 H NMR spectrum reveals a diagnostic desymmetrization of the N-bound phenyl group into four distinct resonances. Moreover, the phenyl carbon bound to the rhodium center appeared as a doublet at 149.5 ppm ( 1 J RhC = 28.9 Hz). In conclusion, selective aromatic C-H bond activation of the N-bound phenyl wingtip group in triazolylidenes has been demonstrated to follow an electrophilic pathway. These results suggest that the aniline-type character of the phenyl ring, with the N-substituent as an electron donor, is prevailing over the potentially electron-withdrawing character of the azolium system. The high propensity of the N-phenyl wingtip group to undergo cyclometalation is expected to have implications for catalyst design. Specifically in borderline cases, where cyclometalation is reversible, proton-coupled redox processes may become accessible.
Experimental section
General. All metalation reactions were carried out under strict exclusion of air using standard schlenk techniques. The 3-methyl-1,4-diphenyl triazolium iodide, the triazolylidene complexes 1-3 9a and 8-10, 10b and the precursor salts [IrCp * Cl 2 ], 18 and [Pt(cod)Cl 2 ] 19 were prepared according to literature procedures. All other reagents were commercially available and used as received. NMR spectra were recorded at 25 °C and chemical shifts (δ in ppm and coupling constants J in Hz) were referenced to the protio signal of residual solvent and are reported downfield from SiMe 4 ( 1 H, 13 C). The 19 F NMR shifts are referenced by using the absolute 19 F NMR frequency and the field-offset (Z0) of the corresponding NMR solvent.
Assignments are based on homo-and heteronuclear correlation spectroscopy. The adopted atom numbering in the cyclometalated started at the metal-bound carbon (C1), circled towards the nitrogen-bound carbon (C2) and finished at C6, the carbon ortho to the metal-bound carbon. Elemental Analyses were performed by the Microanalytical Laboratory at University College Dublin, Ireland.
Complex 4: Dry CH 2 Cl 2 (18 mL) was added to the triazolium salt (0.108 g, 0.40 mmol) and Ag 2 O (0.051 g, 0.22 mmol). The reaction mixture was stirred at room temperature for 5 h under inert atmosphere in the dark. The mixture was then diluted with CH 2 Cl 2 and filtered through a pad of Celite. All volatiles were removed in vacuo to afford the silver carbene complex 1 (0.126 g, 0.168 mmol) as a white solid. This residue was immediately added to [Pt(cod)Cl 2 ] (0.126 g, 0.336 mmol) in CH 2 Cl 2 and the solution was stirred at room temperature for 16 h. The reaction mixture was diluted with CH 2 Cl 2 and filtered through Celite twice and then concentrated to ca. 2 mL. Acetone (20 mL) was added followed by addition of KPF 6 (0.062 g, 0.328 mmol). A white precipitate immediately formed. The mixture was stirred at room temperature for 3 h and then filtered through Celite, eluting with CH 2 Cl 2 (100 mL) and acetone (25 mL). The filtrates were combined and all volatiles were removed in vacuo, yielding complex 4 as an off-white solid (0.098 g, 40%). An analytically pure sample was obtained by slow diffusion of pentane into a solution of 4 in CHCl 3 . 1 H NMR (400MHz, CDCl 3 ): NMR (400MHz, CDCl 3 ): δ 8. 2H, H Ph ortho ), (m, 2H, H Ph ortho ), 7.66-7.61 (m, 6H, H Ph meta+para ), 5.88-5.79 (m, 2H, CH cod ), 4.71 (td, 3 J HH = 3.9 Hz, 3 J HH = 7.3 Hz, J PtH = 62 Hz, 1H, CH cod ), 4.57 (td, 3 J HH (alkene) = 3.9 Hz, 3 J HH = 7.5 Hz, J PtH = 62 Hz, 1H, CH cod ), 4.20 (s, 3H, NCH 3 ), 2.32-2.12 (m, 6H, CH 2 cod ), 1.95-1.81 (m, 2H, CH 2 cod ). 13 C{ 1 H} NMR (100 MHz, CDCl 3 ): δ 144.2 (C trz -Pt, 1 J PtC not resolved), 138.8 (C trz -Ph), 138.4 (N-C Ph ), 131.1, 131.0, 130.7, 129.8, 129.4, 126.0, 125.3, 116.0, 115.8 (9 × C Ph ), 100.2, 95.5, 93.2 (3 × CH cod ), 38.1 (N-CH 3 ), 31.9, 31.8, 28.5, 28.3 (4 × CH 2 cod ). 19 , 3.44; N, 5.52; P, 4.07; Found C, 36.80; H, 3.13; N, 5.29; P, 4.31 .
Complex 5. Dry CH 2 Cl 2 (18 mL) was added to the triazolium salt (0.108 g, 0.40 mmol) and Ag 2 O (0.051 g, 0.22 mmol). The reaction mixture was stirred at room temperature for 5 h under nitrogen and the exclusion of light. The mixture was diluted with CH 2 Cl 2 and filtered through Celite. All volatiles were removed in vacuo to afford the silver carbene (0.122 g, 0.160 mmol) as a white solid. The silver carbene was immediately added to a solution of [Ru(p-cymene)Cl 2 ] 2 (0.100 g, 0.160 mmol) in dry CH 2 Cl 2 (10 mL) and the solution was stirred at room temperature for 16 h. The reaction mixture was diluted with CH 2 Cl 2 and filtered through Celite. All volatiles were removed in vacuo, the orange residue was washed with pentane and then dissolved in CH 2 Cl 2 . Pentane was added and the resulting mixture was centrifuged. The supernatant and washings were combined and all volatiles were evaporated, yielding the complex as a brown/orange solid (0.062 g, 31%). 1 7, 89.5, 88.5, 84.4 (4 × C cym -H), 37.0 (N-CH 3 ), 30.9 (CHMe 2 ), 23.0 21.5 (2 × CH-CH 3 ), , 59.46; H, 5.19; N, 8.32. Found: C, 59.11; H, 5.15; N, 8.23 . Complex 6. Under nitrogen atmosphere, the triazolium salt (0.55 g, 0.20 mmol) and
Ag 2 O (0.025 g, 0.11 mmol) were suspended in dry CH 2 Cl 2 (10 mL), and the reaction mixture was stirred at room temperature for 5 h in the absence of light. The mixture was filtered through Celite onto [IrCp * Cl 2 ] 2 (0.080 g, 0.10 mmol). The resulting solution was stirred at room temperature for 16 h. The reaction mixture was subsequently diluted with CH 2 Cl 2 and filtered through Celite. The filtrate was evaporated to dryness in vacuo and the residue was dissolved in CH 2 Cl 2 (3 mL) followed by the addition of pentane (60 mL). The solution was left at 4 °C for 48 h. During this period, a yellow/orange precipitate formed, which was separated by filtration and then re-dissolved in a minimal quantity of CH 2 Cl 2 . The solution was filtered through a short pad of silica, eluted with CH 2 Cl (50 mL), and then with acetone/CH 2 Cl 2 (10:1, 50 mL). All volatiles of the filtrate were removed in vacuo, affording complex 6 as a light orange solid (0.063 g, 52%). Slow diffusion of pentane into a solution of 12 Calcd. for C 25 H 27 N 3 IrCl (716.6) × CHCl 3 : C, 43.58; H, 3.94; N, 5.86; Found C, 43.51; H, 3.80 ; N, 6.14.
Complex 7:
The triazolium salt (0.088 g, 0.32 mmol), Ag 2 O (0.045 g, 0.19 mmol) and [RhCp * Cl 2 ] 2 (0.10 g, 0.16 mmol) were placed under nitrogen. Dry CH 2 Cl 2 (10 mL) was added and the reaction mixture was stirred at room temperature for 18 h under the exclusion of light.
The reaction mixture was diluted with CH 2 Cl 2 and filtered through Celite. The filtrate was evaporated to dryness in vacuo. The residue was extracted with Et 2 O (3 × 20 mL) and the combined organic fractions were evaporated, thus yielding the product as a yellow solid (83 mg, 50%). 1 Complex 11. Dry CH 2 Cl 2 (15mL) was added to dichloro(phenyl)iodine(III) (0.068 g, 0.226 mmol) and 2 (0.052 g, 0.123 mmol) under N 2 atmosphere, and the solution was stirred for 16 h at rt. CH 3 CN (2 mL) was added and the reaction was stirred for a further 2 h. All volatiles were removed in vacuo, the residue was washed with Et 2 O (3 × 10 mL) and CHCl 3 (15 mL). The light yellow solid (0.042 g, 70%) was dried under reduced pressure and stored under nitrogen at 4 °C to minimize decomposition. 1 H NMR (400 MHz, CD 3 CN) δ 7.89 (d,  13 144.4 (C trz -Ph), 137.4 (C 6 ), 131.3 (C C-Ph ortho ), 130.1 (C C-Ph para ), 128.4 (C C-Ph meta ), 127.3 (C 5 ), 127.1 (C C-Ph ipso ), 123.1 (C 4 ), 113.6 (C 3 ), 37.4 (N-CH 3 ), C trz -Rh not resolved. HRMS (ESI + ): m/z = 454.0297 [M-Cl] + , calculated for C 19 H 18 ClN 5 Rh 454.0306.
Crystal structure determinations. Crystal data for 2, 4, 5, and 6 were collected using an Oxford Diffraction SuperNova A diffractometer fitted with an Atlas detector. 6 was measured with Cu-K α (1.54184 Å), all others with Mo-K α (0.71073 Å). An at least complete dataset was collected, assuming that the Friedel pairs are not equivalent. An analytical absorption correction based on the shape of the crystal was performed for all these crystals. 20 The structures were solved by direct methods using SHELXS-97 21 and refined by full matrix least-squares on F 2 for all data using SHELXL-97. Their isotropic thermal displacement parameters were fixed to 1.2 times (1.5 times for methyl groups) the equivalent one of the parent atom. Anisotropic thermal displacement parameters were used for all non-hydrogen atoms.
Further crystallographic details are compiled in the supporting information. CCDC numbers 905706 (2), 905705 (4), 905704 (5) and 905703 (6) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif Supporting Information available: NMR spectra of 7 and 11, and X-ray crystal data for 2, 4, 5, and 6 in CIF format. This material is available free of charge via the Internet at http://pubs.acs.org.
